Synopsis With progressively faster global change, shifts in phenology, and distributional ranges are reported for an increasing number of species. The success of organisms at coping with novel seasonal conditions depends on the mechanisms that determine their schedules. Species that rely on fixed schedules and those that time their activities by predictive cues may be particularly constrained in their ability to accommodate changes. The present study examines rigid scheduling and its implications for breeding in captivity in an avian model taxon, the Stonechat (Saxicola torquata). Within their extensive breeding range, Stonechats differ geographically in migratory behavior and reproduce and molt under a wide range of daylengths (10-17 h). Stonechats time their activities by programs that involve circannual rhythms and photoperiodism. The study reports reproductive timing of four taxa (central European, Irish, Siberian, and Kenyan), relates it to laydates in the field, and investigates modifying influences of housing conditions and of social context. Reproductive consequences of timing programs were then tested by crossbreeding of taxa with different schedules. The study revealed persistent, population-specific breeding windows in captivity. Resident Stonechats from equatorial Kenya synchronized their reproductive cycles with the European summer, presumably in response to local photoperiod, and bred at similar times as northern migrants. In all other taxa schedules matched those in the field, but were timed slightly earlier in captivity and advanced by indoor keeping conditions. Influences of social context were negligible. In pairs with clutches, testes regressed slightly later than in pairs without clutches, but presence of a mate per se had no influence on breeding cycles. Accordingly, crossbreeding Stonechats were predicted to have limited capacity to adjust schedules to those of their mates. This prediction was tested by crossbreeding of single-clutched Siberian long-distance migrants with multiple-clutched European short-distance migrants. Males and females of both taxa retained their characteristic breeding schedules, regardless of their mate's activities. This led to dramatic loss of reproductive success in the population with the longer breeding season, European Stonechats. Siberian Stonechats were unable to profit from the presence of a sexually active mate, but they suffered no disadvantage from crossbreeding. In a changing world, inherited timing programs may severely constrain responses to novel conditions, impose schedule-dependent, asymmetric costs of hybridization, and contribute to directional gene flow or to reproductive isolation.
Introduction
Most vertebrates do not achieve full life-time reproductive success within their first year. Hence, they must accommodate the change of seasons to survive difficult times and to reproduce and regenerate under favorable conditions (Newton 1989 (Newton , 2008 Wingfield 2008; Foster and Kreitzman 2009) . This can be a daunting task since it requires accurate timing and anticipation of seasonal conditions well in advance. Furthermore, the scheduling must be fitted to local conditions because degree and temporal patterns of environmental variability differ between geographic locations Wingfield 2008; Foster and Kreitzman 2009) . Patterns of variability are important because they determine the predictability of environmental changes Hahn et al. 1997) . Some fluctuations in environmental conditions occur at random or at time scales that differ from 365 days (hereby termed ''random component''), while others are generally recurrent on a yearly basis (''seasonal component''). Seasonal fluctuations that are closely linked with the solar year are highly repeatable between years and therefore predictable by calendrical cues, especially by photoperiod (''calendrical component'') . In parallel to environmental variability, vertebrates have evolved a wide range of timing strategies along a gradient from fixed schedules to flexible responses to immediate environmental conditions.
The delicate balance between rigid and flexible elements of scheduling depends on the ecology of a given species or population (e.g., food type, migratory behavior) and on locality (Hahn et al. 1997; Gwinner 1999; Prendergast et al. 2002; Helm et al. 2005 Helm et al. , 2009 Wikelski et al. 2008; Wingfield 2008) . At one extreme, in environments with predominantly predictable, calendrical fluctuations (e.g., at high latitudes), organisms often rely on inherited timing programs that allow advance preparation Hahn et al. 1997; Gwinner 1999; Prendergast et al. 2002; Holzapfel 2001, 2007; Wingfield 2008; Helm et al. 2009 ). Such timing programs may sometimes set fixed schedules, but more commonly they combine internal time-structuring (e.g., circannual clocks, changing seasonal disposition) with phenotypic plasticity (Gwinner 1986; Paul et al. 2008; Wikelski et al. 2008; Foster and Kreitzman 2009; Helm et al. 2009 ). Phenotypic plasticity arises when an internal clock interacts with cues from the environment that synchronize it (i.e., zeitgeber; Gwinner 1986; Miyazaki et al. 2005; Helm et al. 2009 ). At a given time of year, the programmed responses of the clock can be described by reaction norms to photoperiodic and possibly also to thermal cues (Helm et al. 2005; Nussey et al. 2005 Nussey et al. , 2007 Visser 2008; Visser et al. 2009 ). These reaction norms must be fitted to local conditions because the relationship between predictive cues and favorable seasonal conditions depends on location (e.g., Silverin et al. 1993; Lambrechts et al. 1997; Helm et al. 2005 Helm et al. , 2009 ). Timing programs are complemented by phenotypic plasticity to supplementary factors, including food, weather, social context, and modifying effects of unforeseen events Hahn et al. 1992 Hahn et al. , 1997 Helm et al. 2006b; Dawson 2008; Silverin et al. 2008; Visser et al. 2009 ). Supplementary factors are thought to gain importance with increasing random variability of environmental change Hahn et al. 1997; O'Brien and Hau 2005) . At the extreme of highly unpredictable habitats, timing programs may be almost completely replaced by direct responses to breeding conditions (Hau et al. 2004; Voigt et al. 2007; Perfito et al. 2008) . Fine-tuning of timing strategies by microevolution (''adaptive specialization''; Hahn and MacDougall-Shackleton 2008) has been supported by some, but not all, comparative and quantitative genetic studies (e.g., Berthold et al. 1992; Silverin et al. 1993; Lambrechts et al. 1997; Bradshaw and Holzapfel 2001 , 2007 Merilä and Sheldon 2001; Pulido and Berthold 2003; Perfito et al. 2004; Helm et al. 2005 Helm et al. , 2009 Nussey et al. 2005 Nussey et al. , 2007 Gienapp et al. 2007 Gienapp et al. , 2008 .
The strategies by which organisms adjust their schedules are relevant in times of rapid global change. Inherited programs have the advantage of regulating timing under a suite of conditions and of buffering organisms from responding to misleading, random variability (Hahn et al. 1997; Helm et al. 2009 ), but they may thereby limit flexibility of immediate responses to environmental opportunities and challenges (Both and Visser 2001; Coppack and Pulido 2004; Both et al. 2006; Hedenström et al. 1997) . With progressively faster global change, the ability of organisms to adjust to novel conditions may become a matter of survival, and rigid programming of schedules could thus increase a species' vulnerability (Visser et al. 1998; Both and Visser 2001; Parmesan 2006; IPCC 2007; Visser 2008) . Anthropogenic changes affect seasonality in various ways, including an increase in the random component of variability and modified relationships between phenology and the solar year (Menzel and Fabian 1999; Easterling et al. 2000; Parmesan 2006; IPCC 2007; Visser 2008) . Species and even local populations differ considerably in their ability to cope with novel conditions and in the ways they respond (Julliard et al. 2003; Nussey et al. 2007; Both et al. 2006; Parmesan 2006; Charmantier et al. 2008) . Within the range of naturally-experienced conditions many organisms can adjust their behavior by phenotypic plasticity, and recent shifts in phenology may partly be based on this mechanism (Przybylo et al. 2000; Nussey et al. 2005 Nussey et al. , 2007 Gienapp et al. 2007 Gienapp et al. , 2008 Visser 2008) . However, if the required change exceeds plasticity, or if plasticity is regulated by reaction norms to cues that no longer correctly predict seasonal conditions, timing programs can become maladaptive (e.g., Visser et al. 1998; Both and Visser 2001; Both et al. 2006; Visser 2008) . Selection pressure for evolutionary change in timing programs is presumably high, but it is unclear whether microevolutionary adjustments occur fast enough to counter declines in population (Berthold et al. 1992; Brown and Brown 2000; Bradshaw and Holzapfel 2001 , 2007 Nussey et al. 2005 Nussey et al. , 2007 Both et al. 2006; Parmesan 2006; Gienapp et al. 2007 Gienapp et al. , 2008 Visser 2008) . A related, emerging fingerprint of global change are rapid shifts in distributional ranges (Thomas and Lennon 1999; Hughes 2000; Parmesan and Yohe 2003; Parmesan 2006; Hitch and Leberg 2007) . Many organisms retreat from areas with deteriorating conditions and move to localities with more suitable seasonality.
The consequences of shifting distributional ranges are still largely unknown, but among the discussed, potential difficulties are barriers to range expansions, dissociation of natural communities, and increase of hybridization (Allendorf et al. 2001; Parmesan 2006; Gienapp et al. 2008; Van der Jeugd et al. 2009 ).
Birds are promising candidates for the study of geographically distinct schedules and of implications for global change. Being highly mobile, birds partly compensate for temporal fluctuations in their habitats by spatial relocation and large-scale movements (Newton 2008) . The formidable mobility, however, creates high demands on time-keeping. The lightweight build of birds requires regenerative processes including an annual replacement of worn feathers, and the considerable time taken up by these processes is usually not used for other demanding activities Jenni and Winkler 1994) . Many other aspects of avian phenotypes are also seasonally modified (e.g., Murton and Westwood 1977; Piersma 2002) . Outside the reproductive season, gonads regress to a small fraction of their active size, and since breeding is possible only with enlarged and active reproductive organs, regrowth has to be initiated well ahead of breeding. Migrations and associated physiological and morphological changes require time and accurate matching with seasonal conditions at spatially separated breeding, staging, and wintering sites. In view of precise and localized avian calendars, comparative studies of birds from a wide spectrum of seasonal environments offer insights into the flexibility and evolution of timing.
Stonechats as a model system
Among passerine birds, Stonechats (Saxicola torquata) are known for their extensive northsouth breeding range (Underhill 1999 ; see also Murton and Westwood 1977; Cramp et al. 1988; Urquhart 2002) . Traditionally considered a species with many subspecies, the Stonechat has recently been redefined, based on molecular data, as a superspecies with several species (Urquhart 2002; Illera et al. 2008; Woog et al. 2008) . While the taxonomy of Stonechats is in flux, local groups are here referred to as taxa or populations. The exclusively paleotropic Stonechats breed from South Africa (358S) to Siberia (708N) and have evolved a suite of traits that cope with local seasonality. Their overall migratory repertoire extends from resident to long-distant migrant and from obligatory to partial migrant (Urquhart 2002 ). Exposed to a wide range of latitudes, Stonechats breed and molt under a startling range of photoperiods. Figure 1 summarizes literature data on reproduction and molt of free-living Stonechats and relates the timing to local daylength. Stonechats initiate clutches and molt under increasing as well as decreasing photoperiods that range from 10 to 17 h (Ginn and Melville 1983; Dittami and Gwinner 1985; Flinks and Pfeifer 1987; Keith et al. 1992; Illera and Atienza 2002; Scheuerlein and Gwinner 2002; Cummins and O'Halloran 2003; Raess and Gwinner 2005; Illera and Diaz 2006; Flinks et al. 2008) . While responses to climate change are still unclear, Stonechats belong to the many species that are reportedly changing their ranges. Populations from Europe and the British Isles extend their breeding range to the northeast; while Siberian Stonechats appear to be expanding their range westwards (Cramp et al. 1988; Pfeifer 2000; Urquhart 2002 ). In 1997, the first successful hybridization between Siberian and European Stonechats was documented on Heligoland (Pfeifer 2000) , suggesting an incipient contact zone between the formerly fully separated populations.
The wide distributional range and diversity in scheduling has made Stonechats a model taxon for research on mechanisms that underlie seasonal timing (e.g., Gwinner and Dittami 1985; Gwinner et al. 1995; König and Gwinner 1995; Gwinner and Scheuerlein 1999; Helm et al. 2005 Helm et al. , 2009 ). Studies in Fig. 1 Overview over published information on the time of breeding and molt in free-living Stonechat taxa in relation to local daylength. The graph summarizes information on seven taxa of Stonechats that breed and molt under approximately 508N, 258N, 08, and 258S. Breeding is indicated by eggs, molt by bars, and the different taxa are represented by color-coding. Data from Ginn and Melville 1983; Dittami and Gwinner 1985; Flinks and Pfeifer 1987; Keith et al. 1992 (Gwinner 1991; Helm et al. 2005 Helm et al. , 2009 ). African Stonechats showed rigid endogenous circannual rhythms, presumably for anticipating the timing of expected rainfall Gwinner and Dittami 1985) , but they nonetheless laid more clutches in aviaries than in the field Gwinner 1999) .
Stonechats offer a broad range of environmental backgrounds and timing strategies to examine scheduling and its reproductive consequences. The present study gives a comprehensive overview of breeding schedules in four populations (1), investigates effects of modifying factors (2), and uses crossbreeding experiments to examine possible consequences of geographically distinct schedules in the context of range expansion and hybridization (3):
(1) Laydates were recorded in four populations under identical conditions in aviaries and related to published information on free-living conspecifics. The underlying physiological windows during which breeding was possible were determined by assessment of gonadal cycles in individually caged males and females of the populations under European daylength. The data provided evidence for population-specific breeding schedules but also indicated earlier gonadal regression in captivity.
(2) Effects of modifying factors on breeding schedules were examined by experiments with European Stonechats. To test for influences of candidate factors (i.e., housing conditions and social context), matched groups were kept indoors and outdoors separately and in pairs. The experiments suggested that housing, but not pairing, affected gonadal regression, and that clutch initiation was associated with a slight delay in testicular regression.
(3) The rigidity of timing programs and its possible reproductive consequences were examined by crossbreeding of populations with different schedules. Siberian Stonechats (with a short breeding season) were paired with European Stonechats (with a long breeding season) so that the birds would receive conflicting information from a mate on the one hand, and from calendrical cues on the other. The crossbreeding design tested the hypothesis that timing programs may severely constrain reproductive success.
Methods

Four Stonechat populations in captivity
The four taxa in this study include central European (S. t. rubicola), British-Isle (S.t. hibernans), equatorial African (S. t. axillaris), and Siberian (S. t. maura) Stonechats (see Fig. 1 for schedules). Central European Stonechats are short-distance migrants that winter in pair territories in the Mediterranean region (Urquhart 2002; Helm et al. 2006a) . They return to the breeding grounds in March or April and produce two or three broods before they molt and depart in October (Flinks et al. 2008) . Young from early broods are fed by males while females may start a new clutch. Stonechats from mild, coastal areas in Western Europe differ slightly from central European conspecifics in appearance and have been grouped into a separate subspecies S. t. hibernans that is considered a partial migrant (Cramp et al. 1988; Helm et al. 2006a ). On the British Isles the birds start laying relatively early and may initiate three clutches over a long breeding season (Cummins and O'Halloran 2003) . Siberian Stonechats from Kazakhstan breed at similar latitudes as in Europe but due to the continental climate, their reproductive period is short (Raess and Gwinner 2005) . After long-distance migration from their southern Asian winter quarters, Siberian Stonechats arrive at the breeding grounds shortly after the May thaws (Cramp et al. 1988; Raess and Gwinner 2005; Raess 2008 ). They usually raise only a single brood although re-laying after nest loss has been reported. Most birds leave their territories soon after breeding and molt in August. Hence, Siberian long-distance migrants spend only half as much time on the breeding grounds as do European short-distance migrants. African Stonechats in equatorial Kenya are residents that experience almost constant daylength, but the climate changes between a dry season and two rainy seasons. The birds maintain year-round pair territories and lay their usually single clutch with the beginning of the first rainy season . Young are thereafter tolerated on parental territories until the next breeding season.
Birds and housing conditions
Data in this study were collected from 1998 to 2008. Stonechats were taken as nestlings from the field between 1997 and 2004, or hatched as offspring of these birds between 1998 and 2007. The birds originated from the following locations: African Stonechats derive from the Lake Nakuru region in Kenya (0814 0 S, 3680 0 E). Central European Stonechats were collected in Lower Austria (48814 0 N, 16822 0 E), and Siberian Stonechats in the vicinity of Naursum National Park (c. 51.58N, 638E), Kazakhstan. BritishIsle Stonechats were collected in 1999 and 2002 on the Iveragh Peninsula near Killarney, in the County of Kerry, Ireland (c. 528N, 108W). All nestlings were transported to Andechs, Germany, and hand-reared as described by Gwinner et al. (1987) . After fledging, birds were housed individually and received daily fresh water, a basic food mixture, and mealworms (Gwinner et al. 1987) .
In spring, birds were assigned to different keeping conditions. Some remained in individual cages (L Â H Â W: 60Â 40 Â 40 cm 3 ) while others were moved into indoor and outdoor aviaries (from 1 Â 1 Â 2 to 3 Â 3 Â 3 m 3 ). Indoor birds experienced constant mild temperatures ($208C) and daylengths that simulated those experienced by European Stonechats on the breeding grounds ( Fig. 2A ; 47.58N) and on the winter quarters (408N; for details, see Helm et al. 2009 ). Light intensity at perch level was about 300 lx during daytime and 0.01 lx at night. Birds in outdoor aviaries experienced the local temperatures and daylight conditions of Andechs (488N, 118E). The aviaries had wood-chip flooring and were equipped with vegetation, branches, and boxes for nesting opportunities and shelter. Breeding activities were monitored, and unsuccessful clutches were removed within 2 weeks of incubation. In successful nests, young were usually collected at an age of 5 days and subsequently hand-reared. Consequently, removal of eggs and young shortened the breeding cycle of pairs and induced frequent relaying, similar to nest predation in the field. Most aviary birds were paired but some males were kept singly to disentangle effects of aviaries from those of the presence of a mate. All birds were in auditory and often also in visual contact with conspecifics of both sexes.
Data collection
Reproductive schedules were assessed in two ways. Physiological breeding windows were determined by unilateral laparotomy by the late Ebo Gwinner. The diameter of the largest ovarian follicle in females and testicular width in males were determined to the nearest 0.1 mm . Captive male Stonechats undergo full testicular growth, whereas individually-kept females often only initiate, but do not complete, follicular maturation (Ball and Ketterson 2008) . Reproductive cycles of captive females are therefore less pronounced and more variable than those of males (Helm et al. 2009 ). In addition, fewer females were laparotomized to reduce disturbance during breeding. Table 1 summarizes the data that were used in the present study. Fig. 2 Reproductive timing in free-living and captive Stonechats of the taxa under study. Plots show photoperiodic simulation, gonadal sizes, and dates of initiating clutches. (A) European natural daylength changes to which captive birds were exposed, while the field data were collected under native daylengths. For the three northern taxa, (A) approximates daylength in the field, while free-living Kenyan Stonechats experience nearly constant 12-h-photoperiods. (B-E) Reproductive timing of Irish (B), European (C), Siberian (D), and Kenyan (E) Stonechats; curves show the size of males' testis (dark triangles pointing down, black line; median þ SE Med ) and females' largest follicle (white triangles pointing up, grey line; median À SE Med ), respectively (for sources, see Table 1 ), and grey boxes indicate laydates in the field Flinks and Pfeifer 1987; Cummins and O'Halloran 2003; Raess and Gwinner 2005) ; horizontal boxplots give dates of initiation of clutches in aviaries (the boundary of the box closest to zero indicates the 25th percentile, the line within the box marks the median, and the boundary of the box farthest from zero indicates the 75th percentile; whiskers show the 90th and 10th percentiles, and outlying points are graphed as dots).
Gonadal cycles were measured in 148 Stonechats (97 males and 51 females) under simulated or natural European daylength, including published data from 46 birds for comparative purposes (12 African Stonechats, Gwinner and Dittami 1985;  22 European Stonechats and 12 Siberian Stonechats, Helm et al. 2009 ). The study also presents unpublished data from 37 European Stonechats that were kept individually or in pairs in small indoor aviaries (110 Â 85 Â 100 cm, ''boxes''), as described for African Stonechats by Gwinner et al. 1995 (data from E. Gwinner). Furthermore, testicular size and the molt of primaries at the end of the breeding season were assessed by single laparotomy of an additional 33 males in aviaries on July 15, 2001 July 15, , 2002 July 15, , and 2004 .
The second type of data comprised information on the timing and fertility of clutches. Aviaries were monitored at least twice a week so that time of the initiation of clutches could be calculated, assuming daily laying. The study presents dates of initiation (''laydates'') of 517 clutches produced by 260 laying pairs (Table 1 ; total number of monitored pairs: 359). As a proxy for breeding condition of males in aviaries, 485 clutches were examined for fertility by candling of all eggs with a LED lenser after 5-7 days of incubation. Eighteen clutches of uncertain fertility are shown in figures but are excluded from statistical analyses of the crossbreeding experiment. In addition, a few data on clutch initiation were available for hybrid females (see below). Clutches were defined as fertile if at least one egg hatched or showed visible embryonic development. This method may have underestimated male fertility because lack of visible embryonic development could also arise from other causes. For example, some clutches defined as ''infertile'' could have been fertilized but development stopped at a very early stage of incubation (Carter et al. 2000) . To explore the reliability of eggs as a proxy for fertility, 14 unhatched clutches (67 eggs) laid by Siberian and European females over the breeding season of 2002 were screened for the presence of sperm by investigation of stained perivitellar membranes (Kempenaers et al. 1999) .
Main analyses were linear mixed models over pooled data from all years. If overview analyses indicated differences between groups, post-hoc comparisons were carried out over subsets of the data ( Table 2 ). The overall comparison of gonadal cycles in caged Stonechats involved repeatedmeasures analysis over the periods during which data were available for all groups (measurements from January until June, except for early February). Sexes were examined separately. Specific datasets, e.g., gonadal cycles of individuals and pairs in indoor boxes, and testicular sizes on July 15, were analyzed over the respective, homogenous subsets of the data. Follicular cycles had highly heterogeneous variances and were analyzed over ranks. The timing of laydates, but not the number of clutches, differed slightly between indoor and outdoor aviaries, and the type of aviary was therefore included as a covariate. Data were also examined by Bartlett's test for homogeneity of variances, Spearman's rank correlation, and by likelihood-ratio tests, using the software packages Genstat 6.0 and SPSS 14.0. Figures show median AE SE med (Sokal and Rohlf 1995) , boxplots, and means þ SD. 
Results and discussion
Programs for breeding: schedules of Stonechats in the field and laboratory Figure 2 summarizes information on breeding schedules of the four populations studied (Table 1) . The boxes indicate breeding cycles in the field, as given by laydates Flinks and Pfeifer 1987; Cummins and O'Halloran 2003; Raess and Gwinner 2005) . The two European populations ( Fig. 2B and C) were multiclutched with slightly advanced breeding on the British Isles. Single-clutched Siberian Stonechats (Fig. 2D) showed a narrow breeding window, while the laying period of African Stonechats was as long as that of the European groups (Fig. 2E ). All captive populations were kept under European daylength conditions ( Fig. 2A) but they nonetheless retained characteristic schedules (Fig. 2B-E) , except for Kenyan Stonechats that delayed breeding compared to the field. Clutches were initiated slightly earlier in indoor aviaries than in outdoor aviaries (linear mixed model: Wald 1 ¼ 16.8; P50.001; predicted overall difference AE SE: 9.1 AE 2.6 days), and this behavior did not differ between populations (Wald 3 ¼ 7.1; P ¼ 0.068). Laydates differed significantly between the Stonechat groups in spread over the season (Fig. 2B-E Siberian: 73/10.5), although overall medians were similar (Wald 3 ¼ 1.7; P ¼ 0.634). The differences between populations were apparent when laydates were analyzed separately for early clutches (i.e., first quartile of a population's laydates) and late clutches (last quartile). Siberian females were the last to initiate early clutches and the earliest to finish laying ( Fig. 2D; Table 2 ). Irish Stonechats were the first to lay early as well as late clutches (Fig. 2B) , while the laying periods of Kenyan and European females were intermediate and not significantly different from each other ( Fig. 2C and E) . Analysis of the number of clutches per pair (Table 2) confirmed that Siberian Stonechats differed from the other populations in breeding cycles. Siberian pairs initiated significantly fewer clutches than all other populations, which in turn were similar to each other (mean number of clutches AESD in pairs mated for an entire season: European: 2.4 AE 1.2; N ¼ 65; Irish: 2.1 AE 1.3; N ¼ 35; Kenyan: 2.9 AE 1.5; N ¼ 30; Siberian: 1.4 AE 0.6; N ¼ 47).
Gonadal cycles of individually caged males showed comparable geographical differences (Fig. 2B-E) , but testicular regression started already during the main laying period. All groups of males differed significantly from each other in reproductive windows, i.e., in the time periods during which their testes were enlarged ( Table 2 ). The earliest testicular cycles were observed in Irish males (Fig. 2B) , whose testes were fully developed in February and already partly regressed in late May. Gonadal growth and regression were timed slightly later in European males (Fig. 2C) . In Siberian Stonechats (Fig. 2D ) testicular cycles were delayed and compressed compared to the other groups. Testes of Siberian males were the last to grow and concurrently with those of Irish males, the first to regress. In African males (Fig. 2E ) the breeding window opened slightly later than in the two European groups, but was similar in width. The data suggest that the testes of African males started to grow early in the year, but took a long time to mature . Follicular cycles of individually caged females also differed between the populations ( Fig. 2B-E ; Table 2 ), but owing to large variation in the follicular phase, patterns were less clear. Follicular cycles of Irish and European females differed significantly from each other and from those of Siberian and African Stonechats, which in turn were similar. In Irish and European females ( Fig. 2B and C), follicles were partly developed by late February. By late May follicles of Irish, but not those of European females, were largely undeveloped. Siberian females (Fig. 2D ) did not show follicular development until April, and by late May gonadal regression was underway. In Kenyan females (Fig. 2E ) incipient follicular development occurred as early as in late December , but the full follicular phase began in May. These findings strongly support populationspecific timing programs. In Irish Stonechats (Fig. 2B) , reproductive activities were consistently advanced, as predicted for a partially migrant population in which migrants compete with local residents for breeding opportunities (Lack 1943 (Lack , 1950 Bearhop et al. 2005) . Free-living Stonechats from the British Isles initiate their spring activities notably early, and the resident fraction of British Stonechats has been observed to lay sometimes before migrants arrive (Parrinder and Parrinder 1945; Cummins and O'Halloran 2003; Helm et al. 2006a ). The present data show that even under common-garden conditions, reproductive schedules of Irish Stonechats (Fig. 2B) were timed earlier than were those of closely related (Illera et al. 2008) , obligatory short-distance migrants from continental Europe (Fig. 2C) . Therefore, the early schedules in the field are most likely based on microevolutionary adjustment of population-specific timing programs (cf. Bearhop et al. 2005) .
Siberian Stonechats (Fig. 2D) showed the characteristically delayed and compressed breeding activities of long-distance migrants (Helm et al. 2005; Newton 2008 ), since they were the last population to open and the first to close reproductive windows. The schedules in captivity accorded well with field observations and with the timing of favorable climatic conditions on the breeding grounds and along the migration route (Raess and Gwinner 2005; Raess 2008 ). The data confirm recent laboratory evidence (Helm et al. 2009 ) for distinct timing programs in Siberian and European Stonechats. Schedules of the two populations were found to be inherited, as judged from approximately intermediate gonadal cycles of F1-hybrids, and to be based on underlying differences in circannual rhythms and photoperiodic responses (Helm et al. 2009 African Stonechats (Fig. 2E) were the only population that experienced photoperiodic conditions in captivity that differed greatly from those on the breeding grounds. Reproductive windows were timed later in captivity than in equatorial Kenya, coincided with the European summer, and resembled most closely those of European Stonechats (see also Gwinner and Dittami 1985; Gwinner and Scheuerlein 1999) . The data suggest that African Stonechats shifted population-specific breeding windows in response to photoperiodic cues. Gonadal cycles and many laydates were recorded indoors, so that most birds did not receive seasonal cues other than daylength changes. Reproductive cycles of African Stonechats are based on circannual rhythms that are highly sensitive to photoperiod as a zeitgeber (Gwinner 1991 (Gwinner , 1999 . In earlier experiments, the birds entrained to European daylength cycles with periods of 6 months (i.e., simulations of two full cycles per year; Gwinner and Scheuerlein 1999 ) and even to changes in light intensity that mimicked those of alternating dry and rainy seasons (Gwinner and Scheuerlein 1998) . The striking similarity between Kenyan and European Stonechats in photoperiodic responses has also been noted for molt and migratory restlessness (Helm and Gwinner 1999, 2006) . Recent phylogenetic analyses have revealed large genetic distances between the two groups, an estimated divergence time of two million years, and possibly separate colonization events from an ancestral population in Asia (Urquhart 2002; Illera et al. 2008; Woog et al. 2008) . In conjunction, these data suggest that despite their specialization on equatorial environments, African Stonechats possess the full repertoire of precise photoperiodic timing programs of their distant northern migrant relatives (Helm 2006; Helm and Gwinner 2006) .
Captive African Stonechats differed from their free-living conspecifics also in the number of clutches. As observed earlier, captive birds were multiple-clutched (Fig. 2E) , whereas pairs in Kenya laid single clutches König and Gwinner 1995) . This difference is most likely related to supplementary factors. According to field data the reproductive system of Kenyan Stonechats is activated for a relatively long period during which favorable breeding conditions occur on long-term average. That these wide windows are usually used for only a single breeding attempt appears to be a response to short peaks of availability of food in a given year ; but see Scheuerlein and Gwinner 2002 for Tanzania) . Conversely, when data were compiled from several years during which the timing of the rainy seasons varied, laydates were spread over a wide breeding window ( Fig. 2E ; Dittami and Gwinner 1985 ; cf. Fig. 1 ). Data from resident Canary-Island Stonechats (Saxicola dacotiae) suggest that similar timing strategies may exist at mid-latitudes ( Fig. 1 ; Illera and Atienza 2002; Illera and Diaz 2006) . Stonechats that were monitored for three consecutive breeding seasons on the Island of Fuerteventura ($308N) initiated clutches between mid December and late February, in close association with the timing of autumn-winter rains and subsequent increases in insect densities. Canary-Island Stonechats were frequently double-brooded in wet winters, but in the monitored dry year pairs bred only once or skipped breeding (Illera and Diaz 2006) . Hence, unlike the situation in Siberian Stonechats, single-broodedness of some resident populations may not be due to short reproductive cycles but to environmental factors that regulate breeding within programed relatively wide reproductive windows Gwinner 1999) .
In conclusion, the data from four Stonechat taxa indicate that the windows during which breeding is possible are based on population-specific photoperiodic timing programs. Consistent, slight advances in captivity point to additional, modifying factors.
Modifying factors: Effects of social context and keeping condition
In the three northern Stonechat taxa, gonadal regression in captivity started while laying in the field was still in full swing (Fig. 2B-E) . Possible modifying factors involved into the early closing of breeding windows were addressed by experimentation with European Stonechats. Gonadal regression is known to be particularly sensitive to temperature, light, and social context (Hahn et al. , 1997 Helm et al. 2006b; Dawson 2008; Silverin et al. 2008; Visser et al. 2009 ). The present study examined social effects by keeping birds singly and in pairs, and tested the combined effects of light and of temperature by exposing them to indoor and outdoor conditions (Table 1 ). In a first experiment (E. Gwinner, unpublished data), male and female European Stonechats were kept in identical indoor boxes either singly or in pairs (Fig. 3A) . The two sexes had similar reproductive schedules, with a first observed increase from the regressed state in late February. By June, females had undeveloped follicles, whereas some males still had large testes. Remarkably, whether birds were kept individually or in pairs affected gonadal cycles of neither females (Wald 4 ¼ 3.6; P ¼ 0.467) nor males (Wald 4 ¼ 6.9; P ¼ 0.141). However, paired females more frequently developed full follicles and laid eggs than unpaired females (Fig. 3A) . In a second experiment testicular regression was examined in paired and unpaired males in outdoor aviaries, and in males that were individually caged indoors (Table 1) . After wintering, homogenous groups of similar age composition were formed by splitting of families. Males that were kept indoors regressed the testes much earlier than those kept outdoors ( Fig. 3B ; Wald 5 ¼ 65.4; P50.001), but pairing had no effect on testicular cycles (Wald 5 ¼ 2.2; P ¼ 0.821). When the two experiments were analyzed together (Fig. 3B) , testicular regression was advanced in the three groups of males that were housed indoors. In late May, neither keeping condition nor pairing affected testis size (keeping condition: Wald 1 ¼ 3.4; P ¼ 0.07; pairing: Wald 1 ¼ 1.1; P ¼ 0.30). In June, males had much smaller testes indoors (Wald 1 ¼ 94.2; P50.001), but pairing also had a small, delaying effect on testicular regression (Wald 1 ¼ 5.7; P ¼ 0.017). This apparent effect of a mate was further investigated by examining additional males in outdoor aviaries at the end of the season (on July 15; Fig. 3B and C) . Figure 3C details testicular sizes of males that were kept singly or were paired to either non-laying females, or to females that laid fertile or infertile clutches. Males in outdoor aviaries that were paired to a laying female had larger testes than those that were not (Wald 1 ¼ 15.9; P50.001). However, neither did single males differ from paired males without clutches (Wald 1 ¼ 0.1; P ¼ 0.806), nor did males from pairs with fertile clutches differ from males with infertile clutches (Wald 1 ¼ 1.5; P ¼ 0.228).
The above experiments provide some evidence for modifying effects on testicular cycles of European Stonechats. Housing conditions appeared to be partly responsible for an early closing of breeding windows in captive birds (Fig. 2C ). In keeping with data from other studies, an advanced regression in birds kept indoors may be explained by higher ambient temperatures, although effects of light conditions cannot be excluded (Hahn et al. 1997; Dawson 2008; Silverin et al. 2008; Visser et al. 2009 ). Evidence for social effects on gonadal regression was varied. The presence of a female per se did not affect reproductive cycles of European male Stonechats, as also observed in African Stonechats . In contrast, several other species-like the European starling (Sturnus vulgaris; Gwinner 1975) and some opportunistic breeders (Hahn et al. 1997 )-can adjust their reproductive timing to the breeding state of their mate (reviewed by Helm et al. 2006b ). In geese, crossbreeding of species with different reproductive timing did not change laydates of females, but males fathered successful clutches up to one month earlier than their usual breeding time (Davies et al. 1969) . Oestradiol treatment that artificially extended the breeding condition of free-living female Song Sparrows, Melospiza melodia, delayed the termination of reproductive activities of their mates by up to three months (Runfeldt and Wingfield 1985) . The findings from Stonechats that breeding activities were associated with delayed gonadal regression converge with observations from other species (Helm et al. 2006b ). However, field data from European Stonechats indicate that the plasticity of breeding windows may be relatively small for males. A recent study (Flinks et al. 2008) found that although a high proportion of wild pairs initiated clutches late in the season, males did not delay molt but instead overlapped it with nestling care. The progress of molt in European Stonechats is a good indicator of testicular regression, at least among birds kept in aviaries (July 15, Spearman's ¼ À0.83; N ¼ 29; P 0.01).
Missed opportunities and wasted effort: Costly implications of rigid scheduling
The distinct scheduling of European and Siberian Stonechats (Fig. 2) allowed testing for the reproductive consequences of timing programs. Siberian Stonechats can be exposed to a European mate that is in breeding condition before and after their own breeding period, while European Stonechats can be studied while being paired to a reproductively inactive Siberian mate. If the timing of reproduction were rigidly fixed, successful crossbreeding should be confined to the short period around May when the populations' breeding cycles overlap (Fig. 2) . For the remaining period, a mismatch between mates in mixed pairs would be predicted. Crossbreeding birds of the taxon with the longer reproductive period (i.e., European Stonechats) are expected to suffer reduced breeding success (i.e., fewer fertile clutches per pair), unless birds in active reproductive condition can stimulate their mates. This prediction was tested by breeding European and Siberian Stonechats in same-origin and mixed pairs of all four parent constellations. The data comprised 238 clutches of 138 laying pairs (clutches/pairs: European 9 Â European 8: 116/58, European 9 Â Siberian 8: 52/25, Siberian 9 Â European 8: 28/21; Siberian 9 Â Siberian 8: 42/34 pairs). Pairs of all constellations bred readily and hatched viable, fertile offspring of both sexes. In clutches that appeared to be infertile, complete absence of sperm, as judged from the perivitellar membrane, was indeed the primary reason for lack of embryonic development. Inspection of 14 unhatched clutches revealed that of the 67 undeveloped eggs, 63 contained no detectable sperm, while one showed traces of sperm and three eggs of a single clutch suffered early embryonic mortality. Figure 4 shows the seasonal distribution of laydates for pairs of the four parental constellations. Females laid clutches during population-specific breeding windows and thus determined the number of clutches per pair ( Fig. 5A ; Wald 1 ¼ 27.1; P50.001; laydate range/CV: European 9 Â European 8: 133/ 16.9; European 9 Â Siberian 8: 141/17.8; Siberian 9 Â European 8: 50/8.6; Siberian 9 Â Siberian 8: 67/10.8), while the origin of their mate had no influence on the number of clutches (Wald 1 ¼ 0.4; P ¼ 0.529). Thus, for males of both taxa the number of clutches was higher in matings with European than with Siberian females. Males, like females, retained population-specific reproductive Fig. 4 Timing of initiation of clutches in different combinations of pairs of Stonechats. The abscissa gives end dates of successive bi-weekly intervals within which clutches were initiated; the first bin includes all clutches that were started before April 14, and the last bin includes all clutches that were started after July 21. Black bars show total number of clutches and hatched bars give number of infertile clutches for pairs of same origin (A) and mixed (B) orgin. Note ordinate in European pairs; data from 238 clutches.
timing. The fertility of clutches depended strongly on parental constellation (Figs. 4 and 5B; likelihoodratio 1 ¼ 10.88; P 0.001). Whereas European and Siberian same-origin pairs had similar, high proportions of fertile clutches (Figs. 4A and 5B; likelihoodratio 1 ¼ 0.46; P ¼ 0.537), fertility in mixed pairs was significantly affected by paternal taxon (Figs. 4B and 5B; likelihood-ratio 1 ¼ 12.28; P 0.001). Fertility was greatly reduced when European females, with their long laying season, were paired to Siberian males. Figure 4B indicates that although fertility was generally reduced in these pairings, it was spread unevenly over the laying season ( Fig. 4; 
The findings imply that female and male Siberian and European Stonechats did not synchronize their population-specific breeding windows with those of their mates and consequently, incurred marked costs of rigid schedules. Siberian Stonechats did not suffer reproductive disadvantages (i.e., fewer fertile clutches per pair) when paired with European Stonechats, but nor could they profit from their mates' longer laying period ( Fig. 6 ; Wald 1 ¼ 0.0; P ¼ 0.975). In contrast, male and female European Stonechats experienced greatly reduced reproductive success when paired with Siberian mates (Wald 1 ¼ 10.0; P ¼ 0.002). European females in particular incurred a huge waste of reproductive effort because fertility of their clutches dropped to half (Fig. 5B) . Female behavior was apparently largely independent from that of their mates, although the possibilities of (unsuccessful) matings and of cues from nearby males of a female's own population cannot be ruled out.
The crossbreeding experiment provides unambiguous evidence that scheduling imposed asymmetric costs of hybridization born primarily by the taxon with the wider reproductive window. Costs may be even higher for free-living birds, as indicated by recent studies of egg production and its fitness consequences (Visser and Lessels 2001; Kullberg et al. 2002) . Furthermore, hatching of viable offspring was delayed for crossbreeding European Stonechats. Since the reproductive value of eggs declines in many species, including Stonechats (Cummins and O'Halloran 2003; Flinks et al. 2008) , as the season progresses (Verhulst and Nilsson 2008) , poor survival of late-hatched young may further reduce the fitness of crossbreeding European Stonechats. Such timing-related costs could select against hybridization in European, but not Siberian, Stonechats, and could thereby contribute to directional gene flow or to allochronic speciation (e.g., Allendorf et al. 2001; Moore et al. 2005) . Experimental matching of Stonechats in aviaries excluded the possibility of prezygotic isolation mechanisms like mate choice that in the field may limit hybridization (Turelli et al. 2001) . However, the matching may mimic the situation in a hybridization zone at the margin of a species' range where access to a breeding partner of the same population is limited. Among European passerine birds, there has been compelling support for Hubb's principle, which states that hybridization should occur most frequently where one of the involved species is rare (Randler 2002) . Furthermore, evidence is increasing that under time pressure, choosiness may be constrained and counteracted by selection for early breeding (e.g., Alatalo et al. 1986; Dale and Slagsvold 1996; Gowaty 1997; Veen et al. 2001) .
Consequently, timing programs could add to detrimental effects of distributional shifts and hybridization (Allendorf et al. 2001; Parmesan 2006; Van der Jeugd et al. 2009 ) when populations with different breeding schedules meet (Bill Bradshaw, personal communication) . This situation may arise commonly because the length of the breeding season decreases with higher latitudes (Lack 1950; Newton 2008) . Poleward expansion is documented in many species (Parmesan and Yohe 2003; Parmesan 2006) , and similar, intraspecific distributional shifts may also occur but may be harder to detect. Intraspecific expansion to poleward ranges that are occupied by conspecifics with short breeding cycles could add to a reduction in fitness if differences between populations are based on locally adapted schedules, as suggested for Stonechats and other species (e.g., Wingfield et al. 1992; Lambrechts et al. 1997; Silverin et al. 1993 Silverin et al. , 2008 .
Conclusions
The findings from four populations of Stonechats kept under common-garden conditions strongly support population-specific reproductive windows. The three north temperate taxa bred at similar times as free-living conspecifics. African Stonechats, which in the field experience very different photoperiods, synchronized their breeding windows to the daylengths of European spring. The findings support the idea that distinct schedules of Stonechats are primarily based on inherited circannual rhythms and programmed, photoperiodic responses (Gwinner 1999; Helm et al. 2009 ). In addition, the study shows slight, advancing influences of indoor housing on reproductive schedules whereas the presence of a mate, even in an active breeding condition, had no effect. Crossbreeding of Siberian and European taxa with different schedules revealed considerable costs of inherited time programs. Birds were constrained from using additional opportunities for breeding and suffered severe reductions in reproductive success when their mates failed to match their schedules. Since Stonechats currently change ranges and appear to establish new contact zones, these findings could reflect processes that are beginning to occur in the wild.
The present study highlights possible, general implications of timing programs. Species in which phenotypic plasticity is rigidly regulated by calendrical cues are limited in their ability to respond to novel conditions, including changing phenology and shifting ranges. Such species may need to undergo microevolutionary change either to adjust calendrical timing programs to the novel scheduling, or to increase plasticity to factors that relate more directly to breeding conditions (Bradshaw and Holzapfel 2001 , 2007 Nussey et al. 2005 Nussey et al. , 2007 Charmantier et al. 2008; Dawson 2008) . In Stonechats, the wide distributional range and the high degree of geographic differentiation, as for instance found between the closely related Irish and central European populations, indicate a rich potential for microevolutionary adjustments. Evolutionary change, however, acts on a slower time scale than does phenotypic plasticity (Gienapp et al. 2007 (Gienapp et al. , 2008 Visser 2008) . Progressively faster global change therefore puts populations at risk of losing the race against time (Both et al. 2006; Parmesan 2006; Visser 2008) . However, consequences may depend on the particulars of scheduling. Populations with wide breeding windows, such as African and European Stonechats, could temporarily benefit from extended favorable conditions (Julliard et al. 2003; Flinks et al. 2008) , while populations with narrow breeding windows, such as Siberian Stonechats, are expected to mistime reproduction if their formerly successful, rigid timing programs become maladaptive. Shifting distributional ranges and novel contact zones could further interfere with reproduction and add schedule-dependent costs of hybridization. Evolvable and finely differentiated timing programs, as evident in Stonechats, have enabled birds to cope with fluctuating environments, but the concomitant costs of low flexibility may severely impair their ability to cope with novel conditions in a changing world.
